II. Physical Description
A schematic of the Wankel engine is shown in Fig. 1 . The Wankel engine is composed of a peripheral housing with provisions for the intake and exhaust ports, fuel injector and spark igniter, a three-flank rotor, and a crank shaft. The contour of the inner surface of the outer casing of the Wankel engine is composed of a two-lobe peritrochoid.
_I The contour of a rotor revolving along an outer housing is represented by a peritrochoid inner envelope.
The geometric analysis of the rotor and housing surfaces c_ be found in Yamamoto. 11 The rotor surface is further modified by the formation of a rotor pocket`The presence of a rotor pocket not only alters the expansion and/or compression ratio of the engine but also plays an important role in modifying the fl0wfield, and mixing and combustion characteristics of the combustor.
The present rotor configuration is adopted from Steinthorsson et al.0
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The rotor turns eccentricallyat one third of the crank shaft speed. The three combustion chambers of the Wankel engine are the three regions enclosed between the three rotor faces and the peritrochoid housing, two side housings, two side seals, and lead and trail apex seals. In the present calculations, only one of the three combustion chambers is considered, since leakage through the seals is assumed to be negligible. As the rotor revolves around the crank shaft, each of the combustion chambers is continually deformed. This produces the necessary compression and expansion of the fluid for the required engine performance during each one of the cyclic operations. The intake and exhaust ports, spark igniter, and the fuel injector are located along the peritrochoid housing as shown in Fig. 1 . In the present study, the computations are initiated before the opening of the exhaust port for the combustor formed with the second rotor flank as shown in 
where p, e, and It are the fluid density, internal energy, and mass fraction, respectively; u, v, and w are the velocity components in Cartesian coordinates; C& (= 0.9) is the discharge coefficient; and subscript i and n represent species and the normal component of the boundaries, respectively. As the rotor moves further in the clockwise direction, the intake port opens and fresh air moves into the combustion chamber.
There is an overlapping region during which both the exhaust and intake ports are simultaneously open before the exhaust port closes completely. During this process not only the residual gas but also some of the fresh intake might escape through the exhaust port. Most of the intake occurs during the expansion stroke of the engine.
The inport conditions are given by P = P_.t,T = T_.,,, yi = It_,o_,
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As the rotor turns further, the intake port closes and the liquid fuel is injected into the chamber during the compression stroke before the top-dea_l center (TDC) is reached. Spark injection provides the initial energy needed for the early droplet evaporation and also helps to promote ignition of the vaporized fuel and air mixture.
Most of the combustion is completed as the rotor moves past the TDC, and most of the residual combustion products are eventuMly driven out of the combustion chamber through the exhaust port. The whole combustion performance is determined by a very complex interaction of various engine parameters including the location of the exhaust _nd intake ports, shape of the rotor pocket, injector and spark timings, fuel properties, and many others.
III.

Gas-Phase Equations in Generalized Coordinates
The governing unsteady equationsbased on the conservationof mass, momentum, energy,and speciesforturbulent, reacting, and compressibleflowsarepresentedinstrongconservation law form. The exchanges of mass, momentum, and energy through liquid-phase interaction are consideredby the inclusionof appropriatesource terms. The Reynolds-averaged equations are formulated in generalizedcoordinatesto accommodate the time-variation of the complex combustor geometry.
where q= pD ( oui _Io,+, lo,+w I,,+_(c,_+c,_+c,_,)
, Do,, (_.,_+o,,_+o,_) 
where h_ is the heat of formation of ith spec.;es, and P_ is the universal gas constant. Equation ( 
It is noteworthy that the following equatio_.s represent the metric invariant terms arising from the coordinate transformation: (1) In order to obtain the solution of the liquid-phase equations,it isfirst necessaryto know the gas-phase propertiesat the particlelocations.In the present computations, the gas-phaseproperties are evaluatedby using a second-orderaccurateinterpolationmethod involvingvolume-weighted averaging;(2) The ordinary differential equations describingparticle size, position, and velocity are solvedby the second-orderaccurateRunge-Kutta method. The partial differential equationdescribing the transienttemperature variation within the droplet interior is based on a simplified vortex model and issolved by an implicitmethod. The formulation for the droplet vaporizationrate is based eitheron a simplified gas-phase boundary layer analysisor on a simplified correlation, Is depending upon the droplet Reynolds number; (3) Finally, afterthe liquid-phase equations are solved,the source terms evaluated at the particle locationare redistributed amongst the eightcomputational nodes surrounding the particle by using volume-weighted averaging.
The success of the spray model also depends a great deal on the correctspecification of the injector exitconditions.The injector isan eight-holes configuration and islocatedalong the middle of the peritrochoidhousing as shown in Fig. 1 . The timing of the injectoropening and closingis determined by the given engine operatingconditions.The fuelemerges in a fan shape consisting of eight streams as shown in Figs. 5 and 6. Both the initial dropletvelocities and temperatures are assumed to be known, and the dropletsizesare determined by the Rosen-Rarnlerdistribution. 16
The droplet injectiontiming is determined by the resolutionof the computational cellsused in the gas-phase computations.14 The present model does not take into account detailsof the liquid filamentbreakup and itssubsequent effect on the conditionsat the injector exit.
The solutionprocedure could perhaps be improved with the consideration of dropletdispersion due to turbulence. However, the effects of turbulent dispersionin the modelling of combusting sprays were found to be small in a previous study, in comparison to the uncertainties in the specification of the initial conditionsat the injector exit. Iz The present model isbased on a dilute spray approximation where the spray characteristics are based on an isolateddropletbehaviour. O'Rourke and Bracco,Is Greenberg and Tambour, 19and Asheim et al._0 have modelled liquidsprays includingdropletcollisions. The importance of dropletcollision and breakup in the overallspray behaviour is not well established, especially in the regionsof the spray where the dropletloading is low. In the present computations, the effectof variablepropertiesin the liquid-phaseis not considered,though thisfactorbecomes very important when the dropletsvaporizenear the critical conditions.21, 22
The combustion model isbased on an analogoustreatment of laminar diffusion flameswith the assumption that no envelope flame exists. The reactionrate isdetermined based on a single-global kineticmechanism of Westbrook and Dryer.2s For n-decane,the kinetic mechanism isgiven by C10irlr22 -Jr-15.5(O2+ 3.76N2) --*10CO2 + 111120 + 58.28N2
By assuming equal binary diffusivities for allthe speciesin the mixture, the concentrationsof N2, C02, and 1120 can be determined from simple algebraicrelationships based on the atomic balance of the constituent species, once the mass fractions of fuel and oxidizer are known from the solution of the two gas-phase equations based on the conservation of fuel and oxidizer. and a T is a function of the crank angle O, and fl is the crank speed. One obvious discrepancy of this model is its failure to satisfy the condition of/Jr -0 at the walls.°The k -e turbulence model of Launder and Spalding 25 will soon be incorporated into our solution procedure.
V. Details of Flux Vector Splitting
The present finite-difference formulation is based on an upwind scheme because of its superior numerical stability, and efficiency properties compared to those of a centered difference scheme. . It can also be shown that
where the diagonal elements of the matix, A±, are given by 1(u+ _,+ lu + _,1) 
It is noteworthy that to be consistentwith the objectiveof deriving a finite-volumecode, the split-flux differences in Eq. (21) are implemented accordingto Monotone Upstream-Centered Schemes for Conservation Laws (MUSCL)-type differencing, st's2 The fluxesat the cellfaces are first obtained by a fullyupwind first-order accurateinterpolation, and then centereddifferences are used for both the forward and backward spatial operatorsevaluatedat the cellcenters.Centered differences are alsoused forevaluatingthe spatial operatorsassociatedwith the viscousterms.
For the dynamic grid calculations, the metric quantities are evaluated at time leveln+l, and D n+1 is evaluated from the solutionof Eq. (9)by using an explicit method. The numerical grid is generated by an algebraictechniques with the help of the grid-generation code taken from the LEWIS-3D code.9
By adopting an algorithm taken from the RPLUS-3D code,12 the present code is vectorized ratherefficiently by operatingon allpointsin a diagonalplane of the computational space,simultaneously.The diagonalplane isone on which i+j+k = constant.The integration proceedsduring the backward and forward substitution steps from one corner node of the computational grid and ends at a corner node which isfarthestfrom the initial cornernode.
The boundary conditionsare implemented explicitly by defining a layerof phantom cells outside the boundaries of the computational domain. Itisalsonoteworthy that the left-hand sideoperators of Eqs. (23) to (24) requireblock diagonalinversions.
VII. Results and Discussion
Here we present the resultsof our preliminarycomputations for a singlecase corresponding to the operating conditionslistedin Table 1 , where subscriptso, c, r, and h representopening, closing, rotor,and housing, respectively, V_,iis the initial droplet velocity, and Tg,iis the initial droplettemperature. Isothermalwall conditionsare implemented in the case considered. The computations are performed with a variable time-step corresponding to a maximum CFL number of 20, and on a grid with a mesh size of i=31, j=16, and k=20, where i, j, and k represent the coordinate surfaces in the direction extending from the trailing-edge surface to the leading-edge surface of the combustor, from the rotor to housing surface, and from the side wall to the symmetry plane of the domain between the end-to-end side walls, respectively. As described in Section II, the computations are initiated before the opening of the exhaust port, and are terminated after the completion of combustion process. (Fig. 3a) , of the intake (Fig. 3b) , and of the simultaneous opening of both exhaust and intake ports (Fig. 3c) together with the schematic of a Wankel engine (Fig. 3d) . The particle traces are coloured based upon the local value of the internal energy e. Fig. 3a shows clearly that the bulk fluid motion of the residual gas is essentially directed out of the engine chamber through the exhaust port. The fluid motion is clearly seen to be influenced by the combined effect of the positive pressure difference that exists between the chamber and back pressure, and of the rotor motion on the fluid near the rotor surface. Figure 3c shows that while part of the residual gas is escaping through the exhaust port, fresh air is entering the chamber through the intake port. Because of the difference that exists between the intake and exhaust pressure (1.25 and 0.85 atm), part of the fresh air emerging from the intake is drawn towards the exhaust before it recirculates in the rotor pocket. Figure 3b shows a complex flow patterncreated by a strongjetof freshairemerging from the intakein a crossflow. The cross flow is createdby the clockwisemovement of the rotor surface.
The flow pattern revealsthe existenceof two clearly definedrecirculation (low-pressure) regionson both sidesof the intake along the ith direction.Upon the impingement of the intakejet on the rotor surface, the jet,near the leadingedge, ispartlydrawn intothe low-pressureregion,and part of the fluidiscarriedover backwards through the openings between the outer edge of the jet and the side-walls. At the leading edge of the jet,a recirculatory flow pattern quite similarto that shown in Fig.  3b is clearlyseen. Although quantitative comparison has not yet been attempted, the degree of qualitative agreement noted here isquite encouraging.The trailing vortex,which isclearly shown in Fig. 3b , isbeyond the field of view of Fig. 4 .
The droplet trajectories at 0 = 8.5 and 8.75 tad are shown in Figs. 5 and 6 . The polydisperse characterof the spray is representedby different sized circles which are indicative of the sizeof the initial droplets.The initial dropletsizesrange between 10 #m __ rkj __ 30 pro, and the initial dropletReynolds numbers vary between 75 __ Rekj _ 600. The wide disparityin Rekj isa resultof the steep risein the chamber pressuredue to combustion from 6 to 35 atm during the time of fuel injection. Because of the largeinitial momentum associated with these particles, they retaintheir initial path as describedby theirinitial conditions.It takes about 1.5ms for the largestparticles to vaporize.The deflection of the particles in the direction of the gaseous flowisevident from Fig.   6 as the dropletsbecome smallerdue to evaporation.
The temperature distribution within the combustion chamber during the earlystagesof flame propagation at 0 = 8.5 rad, and aftercombustion at 0 --10 rad is shown in Figs. 7 and 8, respectively. In Fig. 7 , the highest temperature region (2900 K) is confinedto the region near the rotorpocket, where the liquidfuelisinjected.The temperatures are lower near the wallsand in the clearanceregionsnear the leading and trailing apex seals, where the heat transferto the walls isgreatestbecause of the high surface-to-volume ratio.In Fig. 8 , the highest temperature regionextends allthe way from the regionnear the rotor pocket to the region near the leading apex seal,while the temperatures are lower in the regionnear the trailing apex seal.During the expansion stroke,the region near the leadingapex sealbecomes wider, causing a decreasein the heat transfer rate to the walls in that region, while heat transfer to that regionwithin the chamber interior increasesdue to convectionof the fluidas influencedby the rotor rotation.An opposite trend is observed in the regionnear the trailing seal.
The gaseous-fuel mass fractioncontours at 0 = 8.5 and 8.75 rad are presented in Figs. 9 and 10. It isnoteworthy that in presentingsome of the results involvingthe iso-contourlinesof fuelconcentrationin Figs. 9 and 10, and alsoof pressurein Fig. 13 , some of the contour lines representingthe near-maximum valuesare shown in dotted lines.Thus, Figs. 9-10 show that the regionnear the fuelinjector locationisfuelrich.Diffusion of the fuelconcentrationwith time and the influenceof convection on the distribution of the fuelconcentrationmore towards the leading regionisalsoevidentfrom the comparison of thesefigures. While the stratified charge givesriseto a diffusion flame, a carefulexamination alsorevealsthat part of the evaporated-fuel and oxidizer mixure burns likea premixed flame. This is demonstrated by an absence of fuel concentration in the region near the rotor pocket surfacewhere the fuelconcentrationresultsotherwise from the presence of liquidfuelin that region,as shown in Figs. 6 and 7. It is more likelythat the combustion characteristics in that regionmight be influencedby an isolated-combustingdroplet behaviour. Fig. 11 shows the angular variation of the amount of theevaporated-fuel and alsothe amount of reacted-fuel. The results areobtained by integrating the sourceterm contributions of the gas-phase equations arisingfrom the production of fueldue to evaporationand also from the consumption of reactantsdue to combustion. It isnoteworthy that the totalamount of liquidfuelinjectedis determined based on an equivalenceratioof 0.7.The results show that the totaltime forcomplete vaporizationand alsocombustion islessthan 2 ms. The slopeof thesecurvesindicates that most of the fuel,afteritevaporates,reactsquicklywith oxidizer to form products.This in turn impliesthat most of the fuelburns in a premixed-flame environment. Since the vaporizationrate and ignitiondelay characteristics of thismodel were not known in advance,however, the fuelinjection and spark timings were arbitrarily chosen to be 66°and 63°, respectively, before TDC. These conditions, which in retrospectare clearly non-optimal,correspond to very advanced fuelinjection and spark timings. Under more optimal engine operatingconditions, the fuelinjection evidentlysho_.:_d not begin before30°to 45°from the TDC. Both the vaporization and combustion characteristics might be quite different ifthese timings are chosen according to optimized operatingconditions.Future work willaddress the optimizationof these timings in terms of the overallcombustion behaviour. Note alsothat because of theseadvanced timings,additional energy has to be suppliedforthe work to be performed during the remainder of the compression processfrom the time aftercombustion to the time beforethe TDC isreached. Figure 12 shows the velocity vectorplotsat fourdifferent crank angles: Fig. 12a at the beginning of fuelinjection, Figs. 12b and 12c during combustion, and Fig. 12d aftercombustion. In these velocity vectorplots,only threedifferent sizes of arrow symbols areused to distinguish the variation between the maximum and minimum valuesin magnitude. These plotsindicatethat the direction of fluidmotion near the symmetry plane is mainly determined by the rotor motion; however, for a briefperiod during the early stagesof flame propagation as shown in Fig. 12b , the expanding gases do create a motion in a directionoppositeto the main bulk flow. The non-uniformity in pressurebetween the leading and trailing regionsas shown by the pressurecontours in Fig. 13 betterexplainsthe reason forthe strongbulk fluidmotion created by the rotor movement. Recall that,as in Figs. 9 and 10 ,some of the near-maximum contoursare shown in dotted lines.These figures do show a more or lessgradual decreaseof pressurefrom the trailing to the leading apex seals, and the pressuredecreasesin the directionof the fluid motion. The higher pressuredrop, as expected from the substantial friction lossesin the regionscloserto the apex seals, is alsoevident from these figures.
VIII. Concluding Remarks
We have presented a descriptionof a new computer code developed for the modelling of stratified-charge rotaryengineperformance based on thesolution of the unsteady,three-dimensional Navier-Stokesequations,with the use of convenient submodels for turbulence,combustion, and sprays. The detailsof the rotary engine flowfieldduring exhaust and/or intake processesand compression stroke,and also the detailsof the mixing, vaporizationprocessesduring and after combustion have been presented fora singlecase with advanced fuelinjectionand spark ignition timings.The salient featuresof thiswork are summarized below:
1. The code takesapproximately 3 CPU-hours, when the calculations are performed on a gridwith a mesh sizeof 31x16x20 on a CRAY Y-MP, for a non-reactingcase,and it takes about 7.5 to 10 CPU-hours fora reactivecase with sprays.For the non-reactive case,the solutioncan be marched in time non-iteratively, but, fora reactivecase,the solutionisobtained by an iterative procedure.
2.
One apparent findingof our study isthat vaporizationappears to be more rate-controlling than mixing during the combustion process,at leastin the case that we have studiedwith advanced fuel injectionand spark ignition.
3.
There is a good degree of qualitative agreement between the predictionand an experimental flow-visualization pattern of Hamady et al. s3 obtained during the intakeprocess.
4.
The presentsolutionprocedure makes use of an extremely simplified constant diffusivity turbulence model. The k -_ turbulencemodel of Launder and Spalding_5 willsoon be incorporatedinto our solutionprocedure.
5.
The present combustion model is based on laminar kinetics.While recognizingthe fact that no realistic model would be availablein the foreseeable futurefor a proper treatment of the effectof turbulence on combustion reactionrates,the eddy break-up model of Spalding_4 willbe incorporatedinto our solutionprocedure in order to account forsome effect of turbulence on the combustion processes.
6. After implementing the above-mentioned modifications we willconduct a parametric study in order to optimizethe locationand alsotiming of the fuelinjector and spark igniter. 
